The wavefront reconstruction method for shearing interferometry using difference Zernike polynomial fitting has been the easiest algorithm to implement up to now. The method is extended to using general basis functions in this paper. Simulations and experiments verify that highly accurate reconstructions can be achieved based on difference polynomial fitting regardless, of the pupil shape and the orthogonality of the basis functions. The reconstruction accuracy mainly depends on whether the used terms of the polynomials are enough to represent the wavefront. When the used terms cannot perfectly represent the wavefront, the reconstruction accuracy of Taylor monomials is a little higher than that of Zernike polynomials. It is also presented and proved that the reconstruction accuracy can be estimated using the deviation between the reconstructed difference fronts and the measured difference fronts.
Introduction
In lateral shearing interferometry (LSI), wavefront reconstruction is an essential procedure because interferograms are directly related to the wavefront gradient (or difference front) in the shearing direction rather than to the test wavefront itself. Many techniques have been developed to reconstruct the test wavefront from difference fronts [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . These methods are generally categorized as either zonal reconstruction or modal reconstruction. In zonal reconstruction, the test wavefront data at specific grid points are calculated from the difference fronts using the least-square method [1] [2] [3] [4] [5] [6] . In modal reconstruction, the test wavefront is expanded into a set of basis functions, and the corresponding coefficients are estimated based on difference fronts [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . When the test wavefront can be represented by a set of basis functions, modal reconstruction is superior to zonal reconstruction because of its better noise propagation properties and efficient calculations [15, 16] .
For the modal reconstruction, Taylor monomials are the first basis functions used to analyze the lateral shearing interferograms, as shown by Malacara (1965) [7, 8] . Zernike polynomials were first used for wavefront reconstruction by Rimmer and Wyant (1975) [9] . The basic principles of Taylor monomial-based and Zernike polynomial-based modal reconstruction methods are similar; that is, the test wavefront coefficients are related to the coefficients of difference fronts by the matrix. The orthogonality of the polynomials over the difference data regions are considered to influence the reconstruction accuracy. Elliptical orthogonal transformation and numerical orthogonal transformation methods are proposed to deal with the problem [13] [14] [15] . Moreover, deriving the shear matrix for different polynomials is tedious. Liu (2003) proposed a wavefront reconstruction method based on difference Zernike polynomial fitting without the need of a shear matrix [3] . This method was used in the extreme ultraviolet lithography wavefront measurement system [21, 22] . demonstrated that numerical orthogonal transformation and difference Zernike polynomial fitting have the highest reconstruction accuracy among the algorithms based on Zernike polynomials [17, 18] . Furthermore, difference Zernike polynomial fitting is easier to realize than the others in modal reconstruction.
In this paper, the wavefront reconstruction method based on difference Zernike polynomial fitting is extended to using general basis functions. Different terms of three basis functions are used to reconstruct the test wavefront with a general pupil in simulations and experiments. Results show that the orthogonality of the basis functions has no influence on the reconstruction accuracy. The reconstruction accuracy mainly depends on whether the polynomials used to reconstruct can sufficiently represent the wavefront. The reconstruction errors of the three basis functions are the same when the used terms of the three basis functions are enough to represent the test wavefront. The reconstruction accuracy of Taylor monomials is higher than that of Zernike polynomials when the terms cannot sufficiently represent the wavefront. And we have proved the reconstruction accuracy can be estimated by using the deviations between the difference fronts calculated from the reconstructed wavefront and the measured difference fronts in LSI.
Theory
A test wavefront W x y ( , ) is supposed to decompose into a complete set of basis functions represented as
where F j (x, y) is the jth basis function and a j is the corresponding weighting coefficient; x and y are normalized in Cartesian coordinates. In equation (1), the piston F 1 is omitted because it is of no concern.
The coefficients can be obtained by fitting the difference fronts to the difference basis functions, and the reconstructed wavefront is represented as generalized inverse of matrix ΔF; ΔF T denotes the transpose of the matrix ΔF,
ΔF is a 2N × (J − 1) matrix that represents difference basis functions and ΔW is a 2N × 1 vector that represents difference fronts. ΔW x and ΔW y are the N × 1 vectors that represent the difference fronts, and ΔF x and ΔF y are the N × (J − 1) matrixes that represent the J − 1 difference basis functions in the X and Y directions. In theory, various kinds of polynomials can be applied to wavefront reconstruction according to equation (2).
Simulations
A wavefront W (x, y) was generated over a 256 × 256 square grid by the first 25 (J = 25) fringe Zernike polynomials. The corresponding Zernike coefficients are shown in figure 1(a) . The Zernike coefficients of the piston, tilt, and defocus components were set to zero because they are of no concern in LSI. The test wavefront with a circular pupil, an annular pupil, and an annular pupil with a cross-shaped obscuration are shown in figures 1(b)-(d). Simulations were implemented with a shear ratio of s (s = 5.08%).
For the test wavefront with a circular pupil, the wavefront reconstruction errors based on difference circular Zernike polynomial fitting under different terms are shown in figure 2. When the terms used to reconstruct the wavefront were more than that of the test wavefront, the reconstruction accuracy was unchanged by adding the terms.
Annular Zernike polynomials, circular Zernike polynomials, and Taylor monomials were used to reconstruct the test wavefront with different pupils by equation (2), respectively. Zernike polynomials and Taylor monomials have the same highest-power series of x and y. Different terms of the three basis functions were used to reconstruct the wavefront. The root mean square (RMS) value of the reconstruction error was used to characterize the reconstruction accuracy. The RMS values of the reconstruction errors are shown in figure 3 .
The reconstruction errors of 100 random wavefronts were also simulated and presented. The random wavefront was represented by 25 Zernike polynomials and corresponding coefficients that were randomly generated. The average RMS values of reconstruction errors are shown in figure 4 .
When the used terms of the three basis functions are not enough to represent the test wavefront, the reconstruction accuracy of difference Taylor monomial fitting is the highest among three basis functions, as shown in figures 3 and 4. For fringe Zernike polynomials (table 1), the polynomialordering number of some low-power terms is larger than that of the high-power terms. When Zernike polynomials are used to reconstruct the wavefront, some low-power terms are not adopted and cannot be represented by other used terms of the Zernike polynomial. For example, Z 10 and Z 11 contain the third power of x and y, and the polynomialordering number of the terms is higher than that of Z 9 . When the first 8 Zernike polynomials and corresponding Taylor monomials are used to reconstruct the wavefront in simulation, the highest power of x and y is the third power. The components of Z 10 and Z 11 , which are not adopted to reconstruct, cannot be represented by Z 5 ∼ Z 8 of Zernike polynomials. However, the components can be represented by Taylor monomials.
The reconstruction errors of the circular Zernike polynomials are identical with that of annular Zernike polynomials regardless of the pupil shape of the test wavefront. The reason is that the power series of x and y of them are the same rather than the orthogonality of Zernike polynomials over circular or annular data regions. When the used terms of the three basis functions sufficiently represent the test wavefront, the reconstruction errors are almost zero. These results show that the orthogonality of the basis functions has no influence on the accuracy of the reconstruction method based on difference polynomial fitting. The reconstruction accuracy mainly depends on whether the polynomials used to reconstruct can sufficiently represent the wavefront. Using difference Zernike polynomial fitting to reconstruct the wavefront can be extended to using general basis functions.
Actually, the reconstruction accuracy of a practical wavefront cannot be estimated because the real wavefront is unknown. The deviations between the difference fronts calculated from the reconstructed wavefront (reconstructed difference fronts) and the measured difference fronts were proposed to estimate the reconstruction accuracy. We name the deviation difference front error.
The comparison of the reconstruction error and the difference front error was presented in this part. Different terms of the three basis functions were used in wavefront reconstruction. The variation of the reconstruction error and the difference front error was calculated. Figure 5 shows the RMS values of the reconstruction error and the difference front error for the wavefront shown in figure 1(d) . Figure 6 shows the results of 100 random wavefronts. The reconstruction error and the difference front error have the same variation trend and similar values. The difference front error can be used to estimate the reconstruction error.
Experiments
A visible light LSI (λ = 532 nm) experiment was used to measure the aberration of Schwarzschild projection optics with 0.28 numerical aperture, 0.578 central obscuration ratio, and 0.11 symmetrical obscuration ratio. The schematic of the LSI is shown in figure 7(a) . The interferogram is shown in figure 7(b) with a shear ratio of 5.08%. First, a 2-dimensional Fourier transform was applied, and a spatial frequency spectrum of the interferogram was obtained. Second, a spectral band-pass filter around the 1st order spectrum domain was set that corresponds to the 
Conclusions
In this paper, difference front error is proposed to estimate the reconstruction accuracy, which has been proved. Because the real wavefront is unknown, the presented evaluation method of reconstruction accuracy will be of benefit to real-time applications of LSI. And we have proved that the orthogonality of basis functions does not influence the reconstruction accuracy of the test wavefront with a general pupil. The reconstruction accuracy of difference polynomial fitting mainly depends on whether the used terms of basis functions can sufficiently represent the wavefront. Therefore, basis functions used to reconstruct the wavefront with a general pupil will not need to involve orthogonal transformation. In simulations and experiments, we have also presented that the reconstruction accuracy based on Taylor monomial is the highest among the three basis functions regardless of the pupil shape and orthogonality of basis functions, when the terms cannot sufficiently represent the wavefront. 
